Electronic phase separation in lightly-doped La 2 _ x SrxCu04 
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The hole concentration dependence ol the magnetic correlations is studied in very lightly-doped 
La2-a;Sr a; Cu04 (x <0.02), which shows coexistence of a three-dimensional antiferromagnetic (AF) 
long-range ordered phase and a spin-glass phase at low temperatures. It is found that the spin-glass 
phase in the coexistence region also shows a diagonal spin modulation as in the pure spin-glass phase 
in La2-xSra;Cu04 (0.02< x <0.055). Below x ~0.02 the diagonal stripe structure is the same as 
that in x ~0.02 with a volume fraction almost proportional to hole concentration, suggesting that 
electronic phase separation of the doped holes occurs so that some regions with hole concentration 
Ch -~0.02 and the rest with Ch ~0 are formed. This represents the most direct observation to-date 
of electronic phase separation in lightly-doped antiferromagnets. Such phase separation has been 
predicted by a number of theories. 

PACS numbers: 74.72.Dn, 75.10. Jm, 75.50.Lk 



I. INTRODUCTION 

Extensive neutron elastic scattering studies on lightly- 
doped La2_ a; Sr a; Cu04 have revealed that a diagonal 
spin modulation, which is a one-dimensional modula- 
tion rotated away by 45° from that in the supercon- 
ducting phase, occurs universally across thCj-spin-glass 
phase in La2-xSr x Cu0 4 (0.02< x <0.055)JjH &ufih di- 
agonal stripes have been predicted theoreticallyBljp^Lrid. 
have also been observed in insulating La2- a Sr :E Ni04.EJt!J 
These results lead to the important conclusion that the 
static magnetic spin modulation changes from being di- 
agonal to parallel at x = 0.055 ± 0.005, coincident with 
the insulator-to-superconductor transition. This estab- 
lishes an intimate relation between the magnetism and 
the transport properties in the high-temperature cop- 
per oxide superconductors. Another important feature 
in lightly- and medium-doped L^-aSr^CuO^ (0.04< 
x <0.12) is that the charge density per unit length es- 
timated using a charge stripe model is almost constant 
throughout the phase diagram, even when the modula- 
tion rotates away by 45° at the superconducting bound- 
ary. However, at a low value for x (a;=0.024) the den- 
sity appears to increase, approaching 1 hole/Cu as in 
La 2 _ 2; Sr :i; Ni04. 

It is unknown whether the stripes persist in very 
lightly-doped L^-zSr^CuO^ (x <0.02) which shows co- 



existence of a three-dimensional (3D) antiferromagnetic 
(AF) long-range ordered phase and a spin-glass phase 
at low temperatures. Several possibilities have been dis- 
cussed theoretically. Some theories predict that dilute 
holes in an antiferromagnet are unstable against 
separation into a hole-rich and a hole-free phase.liS" 
On the other hand, based on numerical calculations for 
a simple Hubbard model, the incommensurability of the 
diagonal incommensurate peaks is predicted to change 
proportionally with hole concentration.^! 

Elastic neutron scattering measurements in oxy- 
genated La2Cu04 show that a magnetic Bragg peak, 
which develops below the 3D AF transition temperature 
Tn ~90 K, decreases in intensity below a re-entrant spin- 
glass order temperature T m ~25 KEMZl This is ascribed 
to a depression of the 3D AF order because of the reen- 
trant spin-glass transition. Although it has been shown 
that two-dimensional (2D) AF correlations develops be- 
low T m , no detailed study has been performed. 

The present elastic neutron scattering study yields 
important new information on the hole concentration 
dependence of the magnetic properties in the coexis- 
tence region (x <0.02). First we confirmed the reen- 
trant behavior as described above. It is found that in 
the reentrant phase diagonal incommensurate peaks de- 
velop as in the pure spin-glass phase in L^-xSr^CuO^ 
(0.02< x <0.055). The integrated intensity of the diag- 
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onal incommensurate peaks that develop below T m cor- 
responds closely to that of the (1,0,0) magnetic Bragg 
peak lost below T m . The most remarkable feature is 
that the parameters (the incommensurability, the peak 
widths, and the transition temperature) of the diagonal 
spin modulation at x <0.02 are locked at the values in 
x ^0.02 and only the volume fraction of the spin-glass 
phase monotonically decreases with decreasing hole con- 
centration (ch), suggesting that the doped holes phase 
separate to form some regions with Ch ^0.02 and the rest 
with Ch ~0. Importantly, this behavior is similar to what 
was predicted for lightly-doped holes in an antiferropiaffin 
net in the absence of long-range Coulomb repulsion .E3~t3 
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FIG. 1. (a) A schematic drawing of the CuC>2 planes in 
the low temperature orthorhombic structure. Two domains 
(A and B) are shown. The thin lines represent the unit cell 
in the high temperature tetragonal structure, (b) Diagram 
of the reciprocal lattice in the (HK0) scattering zone. Filled 
and open symbols are for domains A and B, respectively. The 
circles and triangles correspond to the incommensurate mag- 
netic peaks and fundamental Bragg peaks, respectively. 



II. EXPERIMENTAL DETAILS 

The single crystals of La 2 - ;c Sr. !; Cu04 (a;=0.01, 0.014, 
and 0.018) were grown by the traveling solvent floating 
zone (TSFZ) method. The crystal was annealed in an Ar 
atmosphere at 900 °C for 24 h. From the 3D AF tran- 
sition temperatures, the uncertainty in the effective hole 
concentration of each crystal is estimated to be less than 
10%. The twin structure of the crystals is shown in Fig. 
1. As shown in Fig. 2 of Ref. |[ four twins are possi- 
ble in the low temperature orthorhombic phase (Bmab) . 
A small number of twins greatly simplifies the analysis 
of the incommensurate magnetic peak structure. Fortu- 
nately, the x=0.010 and 0.014 crystals have almost single 
domain structures. The £=0.018 crystal has two twins, 
which are estimated to be equally distributed based on 
the ratio of the nuclear Bragg peak intensities from both 



twins. 

The neutron scattering experiments were carried out 
on the cold neutron three-axis spectrometers LTAS and 
the thermal neutron three-axis spectrometer TAS2 in- 
stalled in the guide hall of JRR-3M at the Japan Atomic 
Energy Research Institute (JAERI). Typical horizontal 
collimator sequences were guide-80-S-20'-80' with a fixed 
incident neutron energy of £'i=5.05 meV at LTAS and 
guide-80'-S-40'-80' with a fixed incident neutron energy 
of £'i=13.7 meV at TAS2. Contamination from higher- 
order beams was effectively eliminated using Be filters at 
LTAS and PC filters at TAS2. The single crystal, which 
was oriented in the (HK0) OIt ho or (H0L) OTt h o scattering 
plane, was mounted in a closed cycle refrigerator. In this 
paper, we use the low temperature orthorhombic phase 
(Bmab) notation (h, k, Z) rtho to express Miller indices. 
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FIG. 2. Temperature dependence of the (100) magnetic 
Bragg intensity (a) and the magnetic intensity at the diag- 
onal incommensurate position (0,l-e,0) (b) in La2- :c Sr :E Cu04 
(a;=0.01, 0.014, and 0.018). The solid lines are the results of 
fits to a linear function. Background intensities measured at 
a high temperature have been subtracted in (b). 



III. RESULTS 

Figure 2(a) shows the temperature dependence of the 
(1,0,0) magnetic Bragg intensities, originating from the 
3D AF order, in La 2 _ 2 ,Sr 2 .Cu0 4 (x=0.01, 0.014, and 
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0.018). Tn, as well as the saturated intensity at T ~30 
K, corresponding to the square of the ordered moment 
of the Cu 2+ ions, decrease with increasing Ch. This 
suit is consistent with that in oxygenated L^CuO^ 
At a low temperature of ~30 K, the magnetic Bragg in- 
tensities decrease in the £=0.014 and 0.018 samples and 
at the same time diagonal incommensurate peaks de- 
velop as in the pure spin-glass phase in La2-^Sr x Cu04 
(0.02< x <0.055). As shown in Fig. 2(b), diagonal in- 
commensurate peaks develop below ~30 K in all of the 
samples. The integrated intensity of the incommensurate 
peaks is calculated using the same method as in Rcf. [l|. 
The integrated intensity that develops below ~30 K cor- 
responds closely to that of the (1,0,0) magnetic Bragg 
peak lost below ^30 K, indicating that some regions of 
the 3D AF ordered phase turn into the diagonal stripe 
phase. 

The diagonal incommensurate peaks have been studied 
in more detail. As shown in Fig. 2(a), the intense mag- 
netic Bragg peak (1,0,0) still remains below T m , which 
makes the measurement of the incommensurate (l,±e,0) 
peaks difficult. Therefore, the elastic measurements are 
performed around (0,1,0) of domain A where no mag- 
netic Bragg peak exists. Although a small peak origi- 
nating from a tail of the (1,0,0) magnetic Bragg peak of 
the domain B exists near (0,l+e,0): see the small open 
triangle in lower part of Fig. 1(b), the small background 
peak can be easily removed by subtracting high temper- 
ature data above T m . Figure 3 shows elastic scans along 
(0, AT, 0). All of the samples clearly show the diagonal 
incommensurate structure. The peak profiles differ be- 
tween the £=0.010 and 0.014 samples and the £=0.018 
sample. The two peaks are symmetric in the £=0.010 and 
0.014 samples because the domain structure is almost sin- 
gle. On the other hand, the two peaks are antisymmetric 
in the £=£L018 sample because of the nearly two-twin- 
structure.E3 The solid lines in Fig. 3 are the results of 
fits to a convolution of the resolution function with 3D 
squared Lorentzians. In the calculation one domain and 
equally distributed two twin structure are assumed in the 
£=0.010 and £=0.018 sample, respectively. A two twin 
structure with an unbalanced distribution is assumed in 
the £=0.014 sample. 
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FIG. 3. Elastic scans along (0,K, 0) in L^-^Sr^CuCU 
(a;=0.01, 0.014, and 0.018). The data measured above T m 
are subtracted as background intensities. The solid lines are 
the results of fits to a convolution of the resolution function 
with 3D squared Lorentzians with the parameters shown in 
Table 1. The small horizontal bar in each figure represents the 
instrumental resolution full width. The insets show the mag- 
netic peak positions around (0,1,0) in the (HK0) scattering 
plane. The thick arrows show scan trajectories. 
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FIG. 4. Elastic scans along (1,0, L) at T=9 K in 
La 2 - :E Sr^Cu04 0=0.01, 0.014, and 0.018). Background in- 
tensities measured at a high temperature have been sub- 
tracted. The solid lines are the results of fits to a convolution 
of the resolution function with 3D squared Lorentzians with 
the parameters shown in Table 1. 

Figure 4 shows elastic scans along (1, 0, L) perpendic- 
ular to the CuC>2 planes in the three samples. The solid 
lines in Fig. 4 are the calculated profiles using 3D squared 
Lorentzian profiles convoluted with the instrumental res- 
olution function. In order to reproduce the L-dependenc£ 
of the (1, 0, even) intensity, the cluster spin-glass modeltiJ 
has been used in the calculation. The calculation de- 
scribes the observed profiles in the (HK0) and (H0L) 
zone reasonably well. The fitted parameters are listed in 
Table 1. The peak profile is anisotropic as in the 1=0.024 
sample, that is, in the pure spin-glass phase. One char- 
acteristic feature is that the peak is very sharp and close 
to resolution-limited along the a axis, which is the direc- 
tion along which the stripes run. The large inverse peak 
widths of the incommensurate peaks presumably reflect 
the fact that the background of the diagonal stripe phase 
is the long-range 3D AF phase, that is, the long-range AF 
correlations enhance the correlation length of the diago- 
nal stripe phase. Another characteristic feature is that 
the inverse peak widths (£ a >500 A, £ b -200 A, £ c -10 
A) and the incommensurability (~0.019 r.l.uJ do not 
depend on hole concentration below x <0.02.E3 

A summary of the elastic neutron scattering results is 
shown in Figs. 5 and 6. Fig. 5(a) shows the hole concen- 
tration dependence of Tn and T m , where T m is calculated 
assuming that the intensity increases linearly below the 
temperature. Tn gradually decreases with increasing Ch- 
On the other hand, T m is constant at —28 K for x <0.02 
and decreases with increasing Ch at x >0.02. As shown 
in Fig. 6, the incommensurability e is locked around 
0.02 below 1=0.02 and then follows the relation e—x in 
a narrow region around x ~CL02 and finally follows the 
relation e > x above x=0.03.E3 The incommensurability 
corresponds to the inverse modulation period of the spin 
density wave. In the diagonal charge stripe model, the 
relation e—x corresponds to a constant charge per unit 



length 1 hole/Cu. On the other hand, the relation 8 = x, 
where 6 is in the high temperature tetragonal notation 
and e = V2 x 6, corresponds to 0.7 hole/Cu, indicating 
that some of the doped holes are located between the 
charge stripes. The ordered moment of the Cu 2+ ions in 
the 3D AF phase at 30 K quickly decreases with increas- 
ing Ch as shown in Fig. 5(b). The Cu 2+ moment in the 
diagonal spin-glass phase below ~30 K is also plotted in 
the same figure. If the moment is proportional to x, it 
is extrapolated to be ~0.1/ib at x=0.02. Assuming that 
the Cu 2+ moment is 0.1/iB in the spin-glass phase of the 
coexistence region, the volume fraction of the spin-glass 
phase can be estimated as in the inset of Fig. 5(b). 
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FIG. 5. Hole concentration (x) dependence of the magnetic 
transition temperatures (a) and ordered moment at T=30 K 
and frozen moment at T=4 K(b). Tn and T m in (a) rep- 
resent the 3D AF transition temperature and the spin-glass 
transition temperature, respectively. The inset in (b) shows 
the estimated volume fraction of the spin-glass phase. Filled 
symbols in (a) and (b) are determined from the present study. 
Open symbols in (a) and (b) are from Refs. 4 and 19, respec- 
tively. The solid lines are guides-to-the-eyes. 
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Hole concentration (x) 

FIG. 6. Hole concentration (x) dependence of the splitting 
of the incommensurate peaks. The inset shows the config- 
uration of the incommensurate peaks in the diagonal stripe 
phase. Filled symbols are determined from the present study. 
Open symbols are from Refs. 2 and 3. e = v2 x 8 where 
S is defined in tetragonal units. The solid and broken lines 
correspond to e = x and 5 = x, respectively. 

IV. DISCUSSION AND CONCLUSIONS 

As shown above, some part of the 3D AF ordered phase 
turns into the spin-glass phase, in which the stripe struc- 
ture is almost identical to that at x ^0.02. These re- 
sults indicate that the doped holes phase separate micro- 
scopically to form finite size regions of the £=0.02 stripe 
phase. Therefore, the hole concentration in the rest of 
the regions must be much less than x. If the volume 
fraction of the spin-glass phase is proportional to x, the 
coexistence phase is a mixture of spin-glass phase with 
Ch ~0.02 and 3D AF phase with Ch close to 0. These 
results suggest that the transition between the 3D AF 
and spin-glass phases around x=0.02 is first order and 
there exists a miscibility gap to form the diagonal stripe. 
This behavior is predicted for a doped antiferromagnet in 
the absence of a long-range Coulomb interaction.E3~t3 In 
this study, we determined that Ch ^0.02 at the hole-rich 
region, which was not specified in the theoretical stud- 
ies. The behavior is much different from that expected 
from the theory by Kato et al.p which has predicted 
that the incommensurability should follow the relation 
e—x down to very low hole concentrations. Since it is 
believed that the orthorhombic distortion (Bmab) stabi- 
lizes the diagonal stripe structure, the crystal structure 
should favor the stripe structure in the lower hole concen- 
tration region. Furthermore, any chemical or structural 
disorder originating from the Sr doping will decrease with 
decreasing x. Therefore, the electronic phase separation 
of the doped holes must be an intrinsic phenomenon. It is 
noted that parallel stripes, observed in superconducting 
La2- K Sr :E Cu04 (x >0.06), are the most stable at x ~0.12 



and the incommensurability saturates at x >0.12.c3E£l 
However, no electronic phase separation seems to occur 
in the x >0.12 hole concentration region but rather the 
charge density between charge stripes becomes larger in 
order to stabilize the stripe periodicity. 

We now compare the results of our magnetic study 
described above with those of previous transport stud- 
ies.tZro It is reported that even in lightly-doped 
La2- x Sra;Cu04 (0.01< x <0.03) the in-plane conductiv- 
ity shows metallic behavior above TL ~50-150 K. At tem- 
peratures below Tl the doped holes apparently start to 
localize. Magnetically, our results show that a reentrant 
spin-glass phase with the diagonal incommensurate struc- 
ture appears at ~30 K. Accordingly, as shown above, hole 
localization does not seem to occur homogeneously but 
rather the doped holes form finite size regions with Ch ^0 
or 0.02 for T <30 K. 

We now compare the results of our neutron scatter- 
ing study with those of muon spin relaxation . (/.tSR) and 
nuclear quadrupole resonance (NQR) studiesEffia It has 
been found that a static internal field, determined from 
both 139 La NQR and /xSR, develops below Tn with a 
further increase at T ~30 K, and the latter temperature 
does not depend on the hole concentration. The two 
characteristic temperatures are consistent with those de- 
termined from our neutron scattering studies. Further- 
more, the internal field at T—0 K appears to be inde- 
pendent of the hole concentration, suggesting that the 
ordered moment is also independent of hole concentra- 
tion. This is consistent with our result that the hole 
concentration of the 3D AF phase becomes almost zero 
at T=0 K as shown above. On the other hand, the NQR 
studies show that the spin-glass transition temperature 
Tf, determined from the occurrence of a sharp peak in 
the nuclear spin-lattice relaxation rate as a function of 
temperature, follows the relation Tfoca; below x <0.02. 
This result is different from that in the neutron scatter- 
ing studies. One possibility is that Tf depends directly 
on the volume fraction of the spin-glass phase since our 
neutron scattering studies show that the volume fraction 
of the spin-glass phase decrease almost linearly with de- 
creasing Ch-" 



TABLE I. Hole concentration dependence of the inverse 
peak widths in La2-iSr I Cu04. 



X 


C (A) 


a (A) 


c (A) 


0.010 


>500 


170(10) 


8(2) 


0.014 


>500 


200(10) 


9(2) 


0.018 


>500 


170(20) 


11(1) 


0.024 a 


95(4) 


40(1) 


3.15(8) 



a Ref. 3. 
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In summary, our neutron scattering experiments 
demonstrate the electronic phase separation of the doped 
holes in lightly-doped I^-zSr^CuO^ which is pre- 
dicted for a doped antiferromagnct. Some clusters with 
Ch ~0.02 exhibit diagonal stripe correlations while the 
rest of the crystal with Ch ^0 shows 3D AF order. 
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